Aunifiedstructuretheoryoficosahedralquasicrystals, combinig the twinned-cubic-crystal theory and the Penrose-tiling-six-dimensional-projection theory, is described.
Since their discovery (1) 4 years ago, the question of the nature of the so-called icosahedral quasicrystals has remained unresolved. Most of the investigators who have studied this matter have concluded that some sort of randomness in structure has resulted in the formation of quasicrystals with fivefold axes and other symmetry elements that give icosahedral symmetry to the substances, down to atomic levels (2) (3) (4) (5) . A few, however, have suggested that icosahedral twinning of conventional crystals could explain all of the experimental observations. I, in particular, have contended that crystals composed of very large clusters of atoms with approximate icosahedral symmetry can form cubic crystallites that by icosahedral twinning form grains with icosahedral point-group symmetry, the so-called icosahedral quasicrystals (6) (7) (8) .
During the past 2 years there has been widespread agreement that many icosahedral quasicrystals contain the large icosahedral triple-shell complex discovered in 1952 in the compound Mg32(Al,Zn)49 by Bergman, Waugh, and Pauling (9, 10) . This complex consists of a central atom (which sometimes is missing) surrounded by an icosahedral shell of 12 atoms, a second shell of 32 atoms, and a third shell of 60, 72, 80, or 92 atoms (all retaining icosahedral point-group symmetry). I described two new structures involving 8 of these clusters in the ,-W positions (primitive cubic unit cell), one, for the icosahedral quasicrystal Al6Mn (6), with 104-atom clusters in the 8 positions, and the other, for the icosahedral quasicrystal Al6CuLi3 (7), with two 104-atom clusters and six 136-atom clusters in these positions. (These structures are described as the 820-atom structure and the 1012-atom structure, although the number ofatoms in the unit cube may vary somewhat.) Among other investigators who have discussed this cluster in connection with icosahedral quasicrystals are Audier et al. (11) , Ma et al. (12) , Henley and Elser (13), Elswijk et al. (14) , and Van Smaalen et al. (15) . All investigators assume that the large icosahedral clusters are present in nearly parallel orientation.
The difference between the two alternative theories is that in the twinned-cubic-crystal theory there are, for the crystallites, three translational symmetry operations, so that the cluster-cluster vectors include those with components that are integral multiples of the cube edge a, whereas in the other theory the vectors have only random magnitudes and directions, except for those within a cluster.
The Unified Theory
Over the past year I have formulated a theory that unifies the two theories about the nature ofthe icosahedral quasicrystals. According to this unified theory (7) , there are in the quasicrystals cluster-cluster vectors of both kinds: those provided by the translational identity operations of the cubic units of structure, and also others that involve certain kinds of randomness. Moreover, the unified theory, by invoking the cubic crystallites with structures closely similar to those of known intermetallic compounds, has the desirable feature of conforming to the known principles of structural chemistry.
The formation of large icosahedral clusters is expected for an alloy of two or more metallic elements with different radii, and these clusters, probably with a range of values of the number of atoms in the outer shell, can be expected to be present in the molten alloy. If the molten alloy were to be quenched extremely rapidly it would form a metallic glass, with the clusters having the same random orientation as in the melt and being piled together as in the melt. With somewhat less rapid quenching the clusters would begin to form crystallites. These crystallites might in some cases, as for Al6CuLi3, have the thermodynamically stable structure. Usually, however, as for Mg32(Al,Zn)49, the thermodynamically stable structure involves sharing the atoms in the outer shell between clusters, which requires time, so that instead the alloy crystallizes with a metastable structure that involves an easily assumed arrangement in which the clusters that were present in the liquid pile together in a crystallographically simple way, such as cubic close packing of the clusters, 4 clusters in a face-centered cube. In fact, no such 4-cluster quasicrystals have been found; instead, both the 820-atom and the 1012-atom structure are based on the p-W arrangement, with the unit cube containing 8 hedral twinning to 20 orientations, corresponding to identity of one threefold axis and three planes of symmetry of each crystallite with those of the icosahedral cluster (6) . A feature of this multiply twinned aggregate is that all of the icosahedral clusters in all of the crystallites have nearly the same orientation.
The diffraction maxima in such a grain have intensities and positions determined by three structure factors: the structure factor of the cluster, the structure factor of the cubic crystallite, and the structure factor representing the interaction of one crystallite with the other. The first two of these can be handled by the methods of conventional crystallography. The structure factor of the cubic crystal leads to Q vectors in reciprocal space ending at or near the lattice points, the closeness being determined inversely by the size of the crystallites. I have found that the Q values for many quasicrystals, especially for the weak peaks, can be accounted for by a primitive cubic unit cell; this fact strongly supports the twinned-crystal theory and the unified theory.
The structure factor of the cluster also determines the intensities of the diffraction maxima, and, if the crystallites are small, can move the maxima appreciably from the lattice points. It is likely, however, that this effect is in the main caused by crystallite-crystallite interaction, the third structure factor.
The third structure factor can be discussed by consideration of atom-atom pair vectors. Let us consider the vectors between an atom in one crystallite and two atoms in a cluster in another crystallite. Neither of the two vectors is related in a well-defined way to any translational symmetry operation, but their difference vector remains the same from cluster to cluster, because the clusters have nearly the same orientation. It has been shown by many groups of investigators that this treatment leads to sharp diffraction maxima at Q values related by the golden number r, for example, by Levine and Steinhardt (2), using Penrose tiling to introduce the randomness in the vectors, and by Kalugin et al. (5) , using projection from a six-dimensional icosahedral crystal. It was shown by Elswijk et al. (14) that the Bergman-Waugh-Pauling cluster (7, 8) leads with this calculation to good values for the positions and intensities of the 37 strongest diffraction maxima of Al6CuLi3. I point out that this calculation applies also, at least approximately, to a single crystal with 8 clusters in a cubic unit. For each cluster in one unit there is only one in another unit related to it simply by the translational operations; for the other seven there are quasirandom differences in the vector lengths.
There is the possibility that for sufficiently rapid quenching of some alloys the cubic microcrystals would be so small (less than one unit of structure) that it would be unjustified to call them crystals, in that there would be no translational identity operations, but that the intercluster interactions that lead to the formation of the crystals and to the process of twinning would still operate to align the clusters into parallel orientations, giving rise to a structure with icosahedral point-group symmetry of the sort considered by many quasicrystal investigators. The quasicrystals that I have studied all provide evidence for the presence of twinned cubic crystallites.
Analyses of x-ray and neutron diffraction patterns of several quasicrystals supporting the theory that twinned cubic crystals are present are described in earlier papers (6) (7) (8) Many more peaks, with larger Q, can be seen. They can all be fitted, to within the error in measurement, by the same unit of structure.
Values of d for the first 20 peaks listed by the computer are given in Table 2 . They are compatible with the same cubic unit, yielding 23.01 A for a. The 33 peaks with larger Q values are also compatible with this unit.
These alloys can be assigned the 820-atom structure, with complexes of 104 atoms (20 condensed Friauf polyhedra) at the B-W positions.
A161Cu102Li337
In 22.99 I is the intensity, d is the interplanar distance, h k I is the set of indices, and a is the edge of the unit cube; Q = 22.99 A. Tables 5-8 are shown with an additional significant figure for Q. These entries are taken from tables in ref. 16 ; they are for the stronger peaks, which comprise about 25% of all the peaks.
Values of the intensity, I, for these peaks are those given in ref. 16 . For the weak peaks I obtained values for I by subtracting from the value at Q(peak) a background value got by linear interpolation from the adjacent minima and multiplying by a factor given by the strong peaks. Table  7 ), sample SEPD 1592 shows 164 peaks (20 in Table 6) , and sample SEPD 1595 shows 173 peaks (17 in Table 5 ). 
AS55CuIOLi35

AI55Cu1OLi3OMg5
Analysis of 20 peaks, mainly weak, on the pulsed neutron powder diffraction pattern of Al55CuOLi30Mg5 (Table 6) gives the value a = 25.91 A. 
AM510Cu125Li235Mg130
The pulsed neutron powder diffraction data for A1510CU125-Li235Mg130 (Table 7) published curve and found that they all are compatible with a primitive unit cube with edge 24.24 A (20) .
Conclusion
The values of the cube edge a given in the tables, together with values of the atomic volume of the elements and the assumption that there is little change in average atomic volume when the compounds are formed, lead to approximately 820 or 1012 atoms in the unit cubes, supporting the theory of icosahedral twinning of cubic crystallites in the icosahedral quasicrystals.
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